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ABSTRACT: SeaWiFS (Sea-viewing Wide Field-of-view Sensor) chlorophyll data revealed strong
interannual variability in fall phytoplankton dynamics in the Gulf of Maine, with 3 general features
in any one year: (1) rapid chlorophyll increases in response to storm events in fall; (2) gradual chlorophyll increases in response to seasonal wind- and cooling-induced mixing that gradually deepens the
mixed layer; and (3) the absence of any observable fall bloom. We applied a mixed-layer box model
and a 1-dimensional physical-biological numerical model to examine the influence of physical forcing (surface wind, heat flux, and freshening) on the mixed-layer dynamics and its impact on the
entrainment of deep-water nutrients and thus on the appearance of fall bloom. The model results
suggest that during early fall, the surface mixed-layer depth is controlled by both wind- and coolinginduced mixing. Strong interannual variability in mixed-layer depth has a direct impact on short- and
long-term vertical nutrient fluxes and thus the fall bloom. Phytoplankton concentrations over time are
sensitive to initial pre-bloom profiles of nutrients. The strength of the initial stratification can affect
the modeled phytoplankton concentration, while the timing of intermittent freshening events is
related to the significant interannual variability of fall blooms.
KEY WORDS: Fall phytoplankton bloom · Surface forcing · Freshening · Interannual variability ·
Gulf of Maine · Modeling
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The Gulf of Maine (GoM) is a semi-enclosed continental shelf system located in the Northwest Atlantic
(see Fig. 1). The biological oceanography of the GoM
is dominated by prominent spring phytoplankton
blooms that have been studied extensively since the
pioneering work of Bigelow (1926) and Gran &
Braarud (1935). Later studies have continued to focus
on spring phytoplankton dynamics in the Gulf (e.g.

Hitchcock & Smayda 1977a,b, Townsend & Spinrad
1986, Townsend et al. 1992, 1994, Thomas et al. 2003,
Ji et al. 2006, 2008a,b), but far less attention has been
paid to the fall bloom until recently. The spring bloom,
in general, results from increasing light and seasonal
stratification, at a time when the water column is replete with nutrients. The relatively weak bloom in fall
(O’Reilly & Busch 1984, Thomas et al. 2003) occurs in
the stratified season in response to increased vertical
mixing that sufficiently erodes the stratification to mix
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deep nutrients into the upper water column, where
light is not limiting. While the fall bloom is mainly composed of the smaller-sized phytoplankton groups
(dinoflagellates) (O’Reilly & Busch 1984) rather than
larger diatoms that are common in the spring bloom,
the importance of the fall bloom to overall ecosystem
structure and function can be significant. Greene &
Pershing (2007) have speculated that climate changeinduced freshening at higher latitudes could enhance
downstream phytoplankton blooms in the fall, which,
in turn, could affect zooplankton dynamics in the
region. The interannual variability of the fall bloom
might also have important implications for populations
at higher trophic level. For instance, Friedland et al.
(2008) linked the fall bloom to haddock recruitment on
Georges Bank, arguing that the intensity of the fall
bloom influences maternal well-being and egg viability the following spring, although the detailed mechanisms remain to be further examined.
Our key question here is: What are the mechanisms
and physical-biological dynamics controlling the interannual variability of fall phytoplankton blooms? If, for
example, the erosion of stratification and the concomitant nutrient flux are the triggers of the bloom, one
would expect that both local forcing (such as wind and
cooling) and remotely controlled surface freshening
can result in interannual variations in phytoplankton
development. This can be modified further by storm
events that can bring nutrients from the deeper layers
to the euphotic zone and stimulate episodic phytoplankton blooms. Such events have been observed in
the South Atlantic Bight, in the Gulf Stream (Fogel et
al. 1999), and in the shelf and offshore regions of Nova
Scotia and Newfoundland, Canada (Son et al. 2007). It
remains unclear, however, to what extent those shortterm events (versus gradual seasonal mixing) contribute to overall fall bloom dynamics.
In this study, we use modeling approaches to identify
and understand the impacts of surface forcing on
the interannual variability of fall phytoplankton
blooms. First, we summarize the interannual variability
of surface phytoplankton concentrations at the center
of Wilkinson Basin in the GoM (see Fig. 1) in fall based
on SeaWiFS (Sea-viewing Wide Field-of-view Sensor)
remote sensing data. Then, we use a mixed-layer box
model and a 1-dimensional (1D) coupled physicalbiological model to analyze the responses of fall
blooms to the physical forcing.
In the box-model approach, we simplified the physical mixing process by using time sequences of precalculated mixed-layer depths to estimate the flux of
nutrients and its impact on other biological compartments. In the 1D approach, we conducted a series of
numerical experiments in a vertical physical-biological
model by using various values of wind stress, heat flux,

and freshening. The advantage of the 1D model is the
ability to include more detailed mixing processes
explicitly than the box model. The physical model is
the finite-volume community ocean model (FVCOM)
with a 1D configuration. The biological model describes a simple NPZD (nitrate, phytoplankton, zooplankton, and detritus) lower-trophic food web
dynamic. In order to better understand the role of each
biological compartment, we conducted simulations
sequentially starting with an N model, to an NP model,
followed by an NPZ model and an NPZD model.

METHODS
SeaWiFS chlorophyll data. We analyzed daily SeaWiFS chlorophyll data in the central region of Wilkinson Basin (Stn A) (Fig. 1) from January 1, 1998 to
December 12, 2004 to explore the interannual variability of fall phytoplankton blooms. The SeaWiFS data
were obtained from NASA’s Goddard Space Flight
Center as Level 1 data and processed to daily Level 3
data at 1.1 km resolution using the OC4v4 algorithm
(O’Reilly et al. 2001). To evaluate the quality of the
satellite data, we compared the SeaWiFS data with in
situ surface chlorophyll data from summertime survey
data collected at the same time and locations (Fig. 1)
for the years 1998, 2000, and 2001 (Townsend et al.
2001, 2005) when both satellite and in situ data were
available.
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Fig. 1. The Gulf of Maine and Georges Bank regions. Black
circles: matching points for comparisons between in situ measurements and SeaWiFS chlorophyll data; star: Stn A, located
in the center of Wilkinson Basin
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Box model setup. Mixed layer box biological
models: The mixed-layer box model consists of a 2layer system; an upper mixed layer in which all biological variables are vertically well mixed and a deep
layer containing higher concentrations of nutrients.
Between these 2 layers is a discontinuous interface that
is defined as the mixed-layer depth. This conceptual
mixed-layer model was described in detail in Chen
(2002), who used it to examine responses of nutrient
fluxes and the various biological compartments to
changes in the upper mixed-layer depth.
For the simplest situation (N model), assuming that the
upper, actively mixed layer contains no nutrients (nitrate), and the deep stratified layer contains an excess of
nutrients, we can derive an N model equation as:
N 0 − N dh
dN
=
dt
h
dt

dZ
P2
Z dh
Z − εZ Z 2 −
= γgmax
2
dt
KP + P 2
h dt

where Z is the zooplankton concentration in the mixed
layer, gmax the maximum grazing rate of zooplankton
on phytoplankton, Kp the half saturation constant of
zooplankton grazing on phytoplankton, εz the mortality
rate of zooplankton, and γ the zooplankton assimilation
coefficient.
Using the same approach, we can derive a 4-variable
NPZD box model given as:
0

ƒ(I )dz V N
−∫
dN
P2
m
z =− h
=
Z +
P + βg max 2
dt
h
Ks + N
KP + P 2
εD D +

(1)

where N is the nutrient concentration in the mixed
layer, N0 the nutrient concentration in the deep layer,
t the time and h the mixed-layer depth. Considering a
2-variable system with nutrients and phytoplankton,
we can derive an NP box model in the form of:

(7)

dP
=
dt

∫

0
z =− h

N 0 − N dh
h
dt

ƒ(I )dz V N
P2
m
Z −
P − g max 2
h
Ks + N
KP + P 2

(8)

(9)

P dh
εP P −
h dt

0

−∫
ƒ(I )dz V N
N − N dh
dN
m
z =− h
=
P + εP P + 0
(2)
h
dt
dt
h
Ks + N

dP
=
dt

∫

0
z =− h

ƒ(I )dz V N
P dh
m
P − εP P −
h
Ks + N
h dt

(3)

where P is the phytoplankton concentration in the
mixed layer, ƒ(I ) the light function, z the depth, Vm the
maximum growth rate for phytoplankton, Ks the half
saturation constant for phytoplankton uptake, and εP
the mortality rate of phytoplankton. In this box-model
study, the light function is:
ƒ(I ) = I0 e

− Kext z

(4)

where I0 is the light at the sea surface, Kext the diffuse attenuation coefficient for irradiance, and z the depth below the sea surface. Self-shading (on Kext) and seasonal
variability of I0 were not included in these studies.
Similarly, a 3-variable NPZ box model can be given as:
0

ƒ(I )dz V N
−∫
dN
P2
m
z =− h
=
P + (1 − γ )g max 2
Z +
dt
h
Ks + N
KP + P 2
εP P + εZ Z 2 +

dP
=
dt

∫

0
z =− h

N 0 − N dh
h
dt

ƒ(I )dz V N
P2
m
Z −
P − g max 2
h
Ks + N
KP + P 2

P dh
εP P −
h dt

(5)

(6)

dZ
P2
Z dh
= αgmax
Z − εZ Z 2 −
2
dt
KP + P 2
h dt
dD
P2
= (1 − α − β)gmax
Z +
dt
KP 2 + P 2
εP P + λεZ Z 2 − εD D −

D dh
h dt

(10)

(11)

where D is the detritus concentration in the mixed
layer, εD the detritus remineralization rate, α the zooplankton assimilation coefficient, β the zooplankton
excretion coefficient, and λ the recycle coefficient of
zooplankton loss term.
We used the Mellor-Yamada level-2.5 (MY-2.5) closure scheme (Mellor & Yamada 1982) to calculate the
time sequences of mixed-layer depths via the turbulence mixing. The surface forcing used for this calculation was from the MM5 meteorological model-assimilated hindcast data at Stn A (Fig. 1) from September 1
to December 10 for each year. MM5 is a meso-scale
meteorological model developed by Dudhia et al.
(2003) and configured to the GoM by Chen et al.
(2005).
Nitrogen is assumed to be the limiting nutrient for
the fall bloom, which is usually dominated by smaller,
non-diatom species (O’Reilly & Busch 1984). We integrated the models starting from August 31 in each
instance. The response of P to N was examined for
3 situations: high, climatological average, and low
nitrate conditions (hereafter referred to as Type-1,
Type-2, and Type-3 initial conditions, respectively).
This experiment was made with the understanding
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0

that the nitrate concentration in the GoM can vary significantly over an interannual time scale (Townsend et
al. 2006, Townsend & Ellis 2010). To construct the
nutrient profile for these 3 conditions, we first defined
a simple function of N in the form of:
N ( z ) = 0,

−5 m ≤ z ≤ 0
2

N (z ) =

Type-2
Type-3

50

Nmax ( z + 5)
, z < –5 m
2
( z + 5) + z 02

(12)

where Nmax is the maximum value of the nitrate concentration at the bottom, z0 the mid-depth parameter,
and z the depth. Then we used Eq. (12) to fit the August
climatological nitrate profile in the GoM (Fig. 2) to generate the Type-2 initial condition. The Type-1 and
Type-3 initial conditions were created by increasing or
decreasing Nmax and z 0 in the deep layer of Eq. (12)
(Fig. 2). The parameters of these fitted curves are listed
in Table 1. Except for the situation designed to test the
sensitivity of the initial nutrient conditions, the default
initial nutrient profile (N0) for all the cases was set as
Type-2, and the initial nutrient concentrations in the
upper mixed layer for the box model were set to zero.
Initial conditions for each box model are detailed in
Table 2 and biological parameters in Table 3.
To estimate the relative importance of each variable
and parameter, we first non-dimensionalized the
above equations by defining each variable as a product
of its scale and a non-dimensional variable, such as
t’
P = Nt P’, Z = Nt Z’,
N = Nt N ’, N0 = Nt N0’, t =
Vm
D = Nt D’, h = Hh’
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Fig. 2. Vertical nitrate profile for August climatology (mean of
years) at Stn A. Type-1: high-nutrient conditions, Type-2:
normal nutrient conditions; Type-3: low-nutrient conditions
Table 1. Parameters used for fitting curves of nitrate profiles
(Eq. 12). Nmax: maximum value of the nitrate concentration at
bottom; z0: mid-depth parameter
Name

Nmax (μM)

z0 (m)

Type-1
Type-2
Type-3

14.3
18.23
27.96

10
50
120

wher e Nt is the total N in the vertical water column,
Vm the maximal growth rate, H the total water
depth, and N ’, N0’, P ’, Z ’, D ’, and
Table 2. Descriptions for box model setup. N: nitrate,
h’ are non-dimensional variables
plankton, D: detritus
constrained between 0 and 1. The
resulting equations (Appendix A)
Model name Initial conditions
suggest the importance of the following variables and parameters in
N model
Nitrate is set as 0 μM N in
each model.
the upper layer and Type-2
N model: Nitrate is used solely as a
(Fig. 2) in the lower layer
conservative tracer forced by the
NP model
Nitrate is set as in the N model.
change in the mixed-layer depth.
The initial phytoplankton is set
as 0.01 μM N in the upper layer
NP model: Two parameters,
and 0 μM N in the lower layer

Ks ’ =

Ks
ε
and εP ’ = P
Vm
Nt

occur in the non-dimensional NP
equations and describe the scaled half
saturation constant and scaled phytoplankton mortality rate. Numerical
experiments were made to examine
the sensitivity of Ks’ and εP’.

NPZ model

30

Nitrate (µM)

Nitrate is set as in the N model. The
initial phytoplankton and zooplankton are set as 0.01 μM N in the upper
layer and 0 μM N in the lower layer

NPZD model Nitrate is set as in the N model.
The initial phytoplankton and
zooplankton are set as 0.01 μM N
in the upper layer and 0 μM N in
the lower layer. The detritus is
set as 0 μM N in both layers

P: phytoplankton, Z: zoo

Forcing conditions
The driving forcing is
the time series of
the mixed-layer
depth from Sep 1
to Dec 10 for each
year (pre-calculated
using MM5 surface
forcing and MY-2.5
turbulence models).
The light intensity at
the sea surface is set
as constant through
out the simulation.
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Table 3. Biological parameters used in NP, NPZ, and NPZD baseline models. N: nitrate, P: phytoplankton, Z: zooplankton,
D: detritus
Symbol

Definition

Value

Unit

NP model
Vm
Ks
εP
Kext

Maximum phytoplankton growth rate
Half saturation constant for phytoplankton uptake
Phytoplankton mortality
Diffuse attenuation coefficient for irradiance

3.0
0.5
0.1
0.1

d–1
μM N
d–1
m–1

NPZ model (the values of Vm, Ks, εP, Kext are the same as those in the NP model)
Maximum grazing rate of zooplankton on phytoplankton
gmax
KP
Half saturation constant of zooplankton grazing on phytoplankton
εZ
Zooplankton mortality
γ
Zooplankton assimilation coefficient

0.3
0.3
0.2
0.3

d–1
μM N
d–1
Dimensionless

NPZD model (the values of Vm, Ks, εP, Kext, gmax, KP, εZ are the same as those in the NPZ model)
α
Zooplankton assimilation coefficient
β
Zooplankton excretion coefficient
λ
Recycle coefficient of zooplankton loss term
Detritus remineralization rate
εD

0.3
0.3
0.7
0.1

Dimensionless
Dimensionless
Dimensionless
d–1

NPZ model: Compared to the NP processes, there
gmax
are 2 new non-dimensional parameters gmax ’ =
Vm
K
and KP ’ = P . These parameters control the growth
Nt
of zooplankton, which were examined in the numerical
experiments in comparison to the key parameters in
the NP model.
NPZD model: The detritus equation consists of
‘sloppy feeding’ from zooplankton grazing, phytoplankton and zooplankton mortality, detritus remineralization, and loss due to the deepening of the mixed
layer. Compared to NP and NPZ models, the mortalities of zooplankton and phytoplankton are the source
of detritus, and the regenerated nutrients are produced
by the detritus remineralization at the constant rate εD.
The key difference in dynamics between the NPZD
and the NPZ models is the export of nutrients via detritus sinking. We hypothesize that this may impact the
duration and intensity of the fall bloom due to the
availability of recycled nitrate in the euphotic zone. A
series of numerical experiments were conducted to
examine the sensitivity of εD’ (the scaled remineralization coefficient).
1D physical-biological coupled model. The coupled
model consists of a 1D FVCOM (Chen et al. 2003,
2006a,b) and a flexible biological module. The biological model and physical model are integrated at the
same time step so that the mixing process of the biological compartments is resolved. As with the box model,
we conducted FVCOM-N, FVCOM-NP and FVCOMNPZD model simulations.
The physical model, FVCOM, is a prognostic, unstructured-grid, finite-volume, free-surface, 3D primitive equation coastal ocean circulation model (Chen
et al. 2003, 2006a). The model incorporates the modi-

fied MY-2.5 as a default setup for the vertical mixing
and was adapted to simulate 1D processes (Chen et al.
2006b). It was spatially configured with 6 identical triangles around a center node. The model had 100 uniform layers in the vertical, which produce a resolution
of 2.65 m for a total water depth of 265 m at Stn A. The
external barotropic and internal baroclinic time steps
were 12 and 120 s for the physical model, and the biological model was integrated using the same internal
time step as the physical model. The model was driven
by M2 (principal lunar semidiurnal constituent) tidal
forcing, surface wind stress, and heat flux forcing,
which were extracted at Stn A from the MM5 meteorological model. For each yearly simulation, the initial
conditions for temperature (T ) and salinity (S) were
specified using the regional GoM and George Bank
FVCOM output of mean T and S on August 31 at Stn A.
A turbulence closure scheme usually has a problem
at a mixing cutoff, and a background mixing value is
needed for a stratified water condition. The MY-2.5
closure scheme is built on a mixing cutoff at Richardson no. = 0.25. A background mixing value of 10– 4 m2
s–1 was specified in our experiment. This value was
validated via the turbulence measurement data collected in the GoM (Chen & Beardsley 1998, Chen et al.
2003).
The 1D structure of the biological model was constructed using the FVCOM general biological module
(GBM) described in Chen et al. (2006b), and the NPZD
model used the same formulation as Ji et al. (2008a)
(see Appendix B for details). For the FVCOM-N experiments, we forced the model with (1) surface heat flux
alone and (2) both surface heat flux and wind stress to
examine the roles of heat flux and wind stress in the
mixed-layer deepening during the fall season. Unlike
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in the box model, the surface light intensity used in the
1D models varies with time using the shortwave radiation time series at Stn A from the MM5 model (Chen et
al. 2005). For the FVCOM-NPZD experiments, the initial condition for the nitrate concentration was specified
as Type-2, and the initial conditions for phytoplankton,
zooplankton, and detritus were specified as the small
amount of 0.01 μM N (phytoplankton, zooplankton and
detritus are measured in terms of nitrogen).
In addition to the surface heat flux, freshening effects
were also examined in this study. Two processes were
considered here: (1) the change of initial stratification
due to freshening and (2) intermittent freshening-induced variability of stratification. The experiments were
designed with an aim to understand how these 2
processes impact biological processes. In the first process
study, we conducted FVCOM-NP model experiments
using various S initial profiles that represent different
stratifications. T was set as 10°C throughout the water
column, and S at the surface and bottom were set as 31
and 35, 33 and 35, and 33.5 and 34.5 with corresponding
Brunt-Väisälä frequencies of ~0.01, 0.007, and 0.005 s–1,
respectively. In the second process study, 4 cases were
tested using the FVCOM-NP model. They are:
Case 1: The surface salinity boundary was set
fresher over a 4 mo period from September 1 to
December 10.
Case 2: The surface salinity boundary was set
fresher over a 2 wk period from September 16 to 31.
Case 3: The surface salinity boundary was set
fresher over a 2 wk period from October 16 to 30.
Case 4: The surface salinity boundary was set
fresher over a 2 wk period from November 16 to 31.
In the 1D experiment, freshening was considered by
setting the surface flux boundary condition of salinity
as follows
K Z ∂S
= 1.2 × 10−5 m s –1
(13)
H ∂σ σ =0
where KZ is the diffusivity coefficient, H the water
depth, S the salinity, and σ the sigma layer. This salt
boundary condition means that freshwater is added
into the system at a constant flux at the surface of the
water column. Assuming the surface mixed layer is
~30 m deep, this flux can decrease the mixed-layer
salinity by ~0.5 in 15 d in the model.

RESULTS
SeaWiFS chlorophyll and wind data
The SeaWiFS data showed that the surface chlorophyll concentrations in the GoM exhibited strong
interannual variability (Fig. 3). The comparison be-

tween SeaWiFS-derived daily chlorophyll data and in
situ measurements for summer months showed a clear
correlation with considerable scatter (r2 = 0.3, p <
0.001). Due to heavy cloud coverage in the GoM, caution should be taken when using these SeaWiFS data
to draw quantitative conclusions, particularly for the
time period during which only a few clear images
existed. For example, Fig. 3 shows a significant peak in
the chlorophyll concentration (3.02 μg l–1) on November 8, 2003. Since this peak was observed only in
1 image, and there were no images available close to
that day, occurrence of a real fall bloom event is
unlikely. Comparison with in situ measurement data
during those years helped us exclude inconsistent individual data points in the SeaWiFS data.
The calibrated SeaWiFS data revealed that the fall
phytoplankton biomass varied significantly over the period from 1998 to 2004. In 1998, the chlorophyll concentration was high in late fall (November 12 to December
4). The average concentration for adjacent days was
2.2 μg l–1 (shown as a bold black bar in Fig. 3a), with a
maximum of 3.88 μg l–1 on November 24. In 1999, Hurricane Floyd passed over the region with values of wind
stress reaching as high as ~1 N m–2 on September 17.
Following the passage of the hurricane, a peak of
chlorophyll concentration with an average value of
~1.6 μg l–1 appeared during September 15–27. The
maximum chlorophyll concentration in the fall of 1999
was ~3.63 μg l–1, occurring in November. Another immediate high peak with an average of ~2.58 μg l–1 was
observed between October 24 and November 6 (Fig.
3b). In 2000, no particularly high chlorophyll concentrations were observed during the fall season (Fig. 3c). In
2001, relatively high values appeared in late October,
when the average chlorophyll concentration was ~2.2
μg l–1 from October 19 to 30, and a maximum value of
3.27 μg l–1 was recorded on October 21 (Fig. 3d). In
2002, relatively high chlorophyll concentrations were
found between October 10 and 20 (Fig. 3e). In 2003 and
2004, the chlorophyll concentrations remained at low
levels throughout the fall, except for the high values on
November 8, 2003 already mentioned (Fig. 3f,g).
In summary, the SeaWiFS data from 1998 to 2004
indicated that fall blooms can be classified into 3 categories: (1) a relatively small magnitude hurricaneinduced bloom, (2) gradual but relatively long-lasting
blooms, and (3) the absence of any noticeable bloom.
The first 2 categories seemed closely relevant to
changes in the surface meteorological forcing. To illustrate the impact of surface forcing on the interannual
variability of the fall bloom, we present next the box
and 1D model results. To avoid redundancy, we only
present the model results for 3 yr that were typical of
the 3 types of blooms: 1999, a hurricane year; 2001, a
normal bloom year; and 2004, a non-bloom year.
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Fig. 3. Time series of SeaWiFS chlorophyll data (•) and wind stress data (grey-shaded areas) at Stn A for the years 1998 to 2004 (a–g).
Tick marks represent days. Wind stress is based on MM5 meteorological model database. Bold black bars: averaged chlorophyll
concentrations on adjacent days

Box model
The box model has a simplified structure for simulating the physical environment, thereby allowing a
more tractable parameter analysis for the biological

system. The model is driven by the change in mixedlayer depth computed based on the wind stress and net
heat flux at the sea surface. The wind stress displayed
an increasing tendency in magnitude with stochastic
hurricane and storm events during the fall season
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Accumulated heat flux
(×104 W m–2)

(Fig. 3). The net heat flux showed strong interannual
variations as well. For example, accumulated heat loss
from the ocean to the atmosphere from October to
December was significantly greater in 1999 than in
2001 and 2004. Also the accumulated net heat flux was
different between 2001 and 2004 during the period
from September to October when the ocean was still
warming up (the positive slope of accumulated net
heat flux curve as shown in Fig. 4). These different surface forcings can generate considerable variations in
the mixed layer on both short- and long-term scales,
which, in turn, cause interannual variations in nutrient
10

0

–10
Year 1999
Year 2001
Year 2004

–20

September
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Fig. 4. Accumulated net heat flux at Stn A from September to
December for 1999, 2001, and 2004. Tick marks represent days

1

fluxes from the deep layer to the euphotic zone and
consequently affect the fall bloom.

N model runs
In 1999, the mixed-layer depth deepened rapidly
from ~6 to ~30 m in the middle of September, immediately after the passage of Hurricane Floyd (Fig. 5a).
After that, the mixed-layer depth retreated back to
~20 m in 2 to 5 d and then gradually deepened to about
60 m by the end of November, with a brief period of
surface warming from November 20 to 25. During the
same time period in 2001 and 2004, no hurricane or
storm events occurred and the mixed-layer depth
gradually deepened between September and December due to the seasonal increase of wind stress and
cooling (Fig. 5b,c). The mixed layer in 2004 was generally deeper than in 2001, but shallower than in 1999.
Consistent with the rapid deepening of the mixed
layer, the largest vertical nitrate flux occurred in the
middle of September 1999, reflected by an abrupt
increase in nitrate concentration in the mixed layer
(Fig. 5a). The normalized nitrate concentrations
reached 0.54 by the end of 100 d of integration for
1999, 0.30 for 2001, and 0.35 for 2004, respectively
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Fig. 5. Modeled mixed layer depths (dashed lines) and dimensionless nitrate concentrations (solid lines) in the mixed layer for
the N model for years (a) 1999, (b) 2001, and (c) 2004. Tick marks represent days
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(Fig. 5a–c). The results of the N model show that the
vertical nitrate flux is proportional to the rate at which
the mixed layer is deepening.

NP model runs
The NP box model successfully simulated phytoplankton responses to changes in the nitrate concentration resulting from surface forcing-induced deep-

Nitrate

1

ening of the mixed-layer depth. Taking 1999 as an
example, we can see that the normalized nitrate
concentration in the upper mixed layer increased
from 0 to ~0.2 during the hurricane period and then
decreased to nearly 0 as a result of increased uptake
by phytoplankton (Fig. 6a). Consequently, the phytoplankton biomass started to increase in the middle of
September and reached approx. 0.2 to 0.5 by the end
of the 100 d simulation. The initial increase of phytoplankton biomass following the hurricane appeared
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Fig. 6. Scaled nitrate and phytoplankton concentrations (dimesnionless) in the mixed layer predicted by the NP model using
2 sets of (a,b) scaled half saturation constant (Ks) and (c,d) scaled phytoplankton mortality (εP ) for 1999
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later, as Ks ’ became larger (Fig. 6b). Because the light
used in this model is constant instead of seasonal, the
phytoplankton biomass did not decrease by the end of
December. To test the model sensitivity of the fall
bloom to nutrient uptake and mortality rate of phytoplankton, sets of scaled half saturation constants Ks’
(i.e. Ks /N0) and normalized mortality rates εP’ (i.e.
εP /Vm) were tested in the NP model, while other parameters remained unchanged. For various values of
Ks’, the patterns of the time sequences of nitrate and
phytoplankton concentrations were similar, but the
total amount changed (Fig. 6a,b). For various values
of εP’, the results were similar except for the case in
which εP’ was as large as 0.4 (Fig. 6c,d). The phytoplankton in that case ceased to grow and the scaled
nitrate concentrations continued to increase to about
0.54 over the 100 d integration period. This demonstrates that there is a threshold value for the normalized mortality rate of phytoplankton εP’ (mortality
rate divided by growth rate) that can prohibit the net
growth of phytoplankton, and as a result the uptake
of nitrate is limited. The results of the NP experiments
indicate that the fall bloom can be triggered by vertical nitrate fluxes when the mortality of phytoplankton
εP’ is below a certain value and that the timing and
magnitude of the fall bloom is related to nutrient
influxes with both Ks’ and εP’.

NPZ model runs
The general patterns of phytoplankton in the NPZ
model runs were similar to those of the NP model predictions (data not shown). Since zooplankton was
included in the biological compartments, we tested the
sensitivity of the NPZ model to the scaled growth rate
g max’ (0.03, 0.1, and 0.2 for each case) and KP’ (0.01,
0.03, and 0.05 for each case). We used the same phytoplankton mortality rate as that in the NP model so that
we could explicitly examine the additional grazing
factor brought about by the zooplankton component.
The zooplankton concentrations increased as g max’ increased. The phytoplankton and nitrate concentrations, however, showed slight differences for various
g max’ and KP’. We also tested the initial condition of
zooplankton grazing and found that there is a threshold value of initial zooplankton concentration that can
inhibit the fall bloom, which behaves the same as the
εP’ threshold in the NP box model.

NPZD model runs
The most significant difference between NPZD and
NPZ models is that the loss of phytoplankton and zoo-

plankton is not directly converted back into nitrate.
The detritus acts as a ‘buffer’ between the biological
compartments and the nitrate, representing a more
biologically realistic scenario. Over a realistic range of
values for the scaled remineralization coefficient εD’,
the model reproduced a pattern similar to that from the
NP and NPZ models (data not shown). The detritus
concentrations increased as εD’ decreased, and the
phytoplankton concentrations decreased slightly as
εD’ decreased, but the general pattern remained
unchanged.

NP model runs with different nitrate profiles
The nitrate concentrations in the deep water of the
GoM varied significantly between years as a result of
different deep-water mass types in the Gulf (Townsend
et al. 2006, 2010, Townsend & Ellis 2010). To assess the
influence of nitrate concentration in deep water on fall
bloom dynamics, we repeated the NP model experiments using Type-1 (high nitrate) and Type-3 (low
nitrate) profiles. The modeled phytoplankton was
highly sensitive to the nutrient profiles. An example for
1999 is shown in Fig. 7. For the Type-1 profile, in which
the nitrate concentration remained relatively high
above 60 m water depth, a greater vertical nutrient
flux was predicted, and the dimensionless nitrate concentration reached a maximum of 0.8. Correspondingly, the dimensionless phytoplankton concentrations reached 0.8 within ~7 d of the nitrate
concentration peak and remained high for the rest of
the simulation (Fig. 7a,b). For the Type-3 profile, in
which the nitrate concentrations were low above 60 m
water depth, the dimensionless nitrate concentration
dropped to a minimum of 0.06. The corresponding
phytoplankton concentrations were as low as 0.05 in
September and October, and approx. 0.1 to 0.2 in
November (Fig. 7c,d).
Given a fixed nitrate profile, all 4 box models (N, NP,
NPZ, and NPZD) consistently reproduced fall blooms
using a wide range of biological parameters, indicating
that the mechanisms behind fall blooms are mainly
controlled by the mixed-layer deepening and vertical
nutrient fluxes, which have strong interannual variability due to the interannual variations in the surface
forcing. The results also suggest that the dimensionless
mortality rate of phytoplankton (εP’) and the initial
nutrient profile were important to the fall bloom initiation, while zooplankton grazing and remineralization
processes were able to affect the overall intensity of
fall blooms. The following 1D model results show more
details regarding the importance of physical forcing
related to mixed-layer deepening and surface nutrient
replenishment.
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by both wind stress and heat flux reached
~30 m, and the nitrate concentrations in
the mixed layer reached ~2.4 μM (Fig.
8a,b). When forced only by the heat flux,
however, the mixed-layer depth was only
~8 m, and the nitrate concentrations in the
mixed layer were ~1.1 μM (Fig. 8a,b). In
late November of 1999 and 2001, when a
weather system from the south or southwest region passed the GoM, the surface
water was warmed for 1 to 2 wk. During
that period, the intense winter wind was
the key forcing to maintain the depth of
the mixed layer (Fig. 8b–d). In 2001 and
2004, the modeled mixed-layer depth driven by heat flux only was slightly shallower than that predicted using both heat
flux and wind stress, and the nitrate concentrations varied correspondingly (Fig.
8c–f), indicating that cooling was a dominant factor when intense wind events
were absent. In general, the nutrients
showed a gradually increasing tendency
after the breakdown of the mixed layer
with occasional disturbance by storms
(Fig. 8a,c,e).

0.6
0.4
0.2

FVCOM-NPZD experiments

The FVCOM-NPZD model included
variable light conditions, which geSeptember
October
November
nerally decreased in strength. Thus,
Fig. 7. Scaled nitrate and phytoplankton concentrations (dimensionless) in the the critical depth (at which the verticalmixed layer predicted by the NP model (a, b: using the Type-1 nitrate profile; c, integrated daily primary production
d: using the Type-3 nitrate profile) for 1999. See Table 1 for profile types
generated by phtosynthesis process
equals the vertical-integrated daily loss
due to respiration) generally became shallow from Sep1D Model
tember to December (Fig. 9a,g). For 1999, light became
a limiting factor at the end of November when the
Wind stress and heat flux experiments
mixed layer (~55 m) was deeper than the critical depth
(~40 m) (Fig. 9a). The nitrate was initially stratified,
The 1D model has parameterization of vertical, continwhile during the hurricane the nitrate was well mixed
uous fluid hydrodynamics, which represents a more refrom the surface to a depth of ~30 m (Fig. 9a,b). After
alistic approach than the box model for resolving the in2 to 5 d, the nitrate concentration became stratified
teractions among nutrients and biological components
again with the surface layer being depleted by phytowith a higher resolution in both temporal and spatial
plankton uptake (Fig. 9b,c). From October to Decemscales. To separate the influences of cooling and wind
ber, as the mixed layer deepened, the nitrate concenmixing, we ran the 1D FVCOM model forced by heat
tration in the mixed layer generally increased. The
flux and wind stress as one case and the same model
surface nitrate concentration increased from nearly 0 to
forced solely by heat flux as another case. The results
3.5 μM N by December (Fig. 9b,f), and the phytoplankshow that cooling plays a key role in the dynamics of the
ton concentration changed correspondingly. From Ocupper mixed-layer depth during late fall, while the stotober to November, the phytoplankton biomass in the
chastic strong wind stress can contribute to the variabilmixed layer remained at a high level of ~2 μM N until
ity during early fall (as seen in 1999). For example, durthe end of November, when the mixed-layer depth
ing the hurricane in 1999, the mixed-layer depth forced
0
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Fig. 8. Mixed-layer depths and nitrate concentrations in the surface mixed layer predicted by the FVCOM-N model for (a,b) 1999,
(c,d) 2001, and (e,f) 2004. Dashed lines are the simulation forced solely by heat flux and solid lines forced by both heat flux and
wind stress
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reached ~45 m (Fig. 9c). At the end of November, the
mixed-layer depth became shallow again for about 1
wk as a result of a net surface warming event (Fig. 9b).
During that period, the phytoplankton concentration in
the mixed layer increased, while the nitrate concentration decreased (Fig. 9b,c). By the end of November, the
phytoplankton started to decrease, which was probably
caused by 2 factors: (1) the reduced shortwave radiation
in winter (light limitation) and (2) the deepening of the
mixed layer due to strong cooling (Fig. 9a).
Although this is solely a process-oriented study of the
fall bloom, and the biological initial conditions are set
up for climatological conditions, the model successfully
simulated the increase of the near-surface phytoplankton after the breakdown of the mixed layer in September. The increase of the modeled phytoplankton biomass started in the middle of September, consistent
with the observed SeaWiFS data (Fig. 9f). The surface
phytoplankton biomass remained at a high level during
the fall, which was similar in magnitude to the SeaWiFS
data until November, when the light became limiting
and the mixed layer was much deeper. However, the
model failed to capture some episodic bursts of surface
phytoplankton such as the peak value of 1.9 μM on November 1, 1999 (Fig. 9f). There are certainly other physical and biological processes that have been ignored in
our simple models. Even for our current models, we
found that the failure to capture episode bursts was
probably related to the parameterization used in the
sink term of the detritus equation (Appendix B). Corresponding with the timing of the observed chlorophyll
peak in the surface, the model predicted relatively high
concentrations of detritus at ~30 m (Fig. 9e).
In 2001, the critical depth was deeper than the mixed
layer for most of the simulation period (Fig. 9g). The
simulation results for nitrate, phytoplankton, zooplankton, and detritus in 2001 (Fig. 9g–l) were very
similar to those in 1999 (Fig. 9a–f). However, due to the
absence of a hurricane in September and less cooling
in 2001, phytoplankton, zooplankton, and detritus
were generally less abundant than in 1999. The surface phytoplankton remained relatively abundant during the fall as observed in the SeaWiFS data, until
November, when light became limiting, and the mixed
layer was much deeper (Fig. 9i). Similar to the 1999
case, the phytoplankton peak value of 1.8 μM on October 21, 2001 was not reproduced (Fig. 9l).

Stratification and freshening experiments
For freshening, we tested the FVCOM-NP model
for 1999 using 3 types of initial stratified conditions
(Brunt-Väisälä frequencies of 0.005, 0.007, and
0.01 s–1). It appeared that the initial stratification had

little impact on the modeled phytoplankton concentrations in the mixed layer (data not shown). The modeled
phytoplankton concentrations slightly decreased as
the initial Brunt-Väisälä frequency was increased.
However, the timing of freshening and re-stratification
seemed important to the variability of the fall bloom.
Fig. 10 shows time sequences of surface phytoplankton
concentration in the FVCOM-NP model by using the
same initial conditions but adding freshwater through
the diffusive flux using Eq. (13) for different periods (defined in Cases 1–4). For Case 1, the freshening strengthened the stratification and maintained higher phytoplankton abundance from September to December in all
3 yr with magnitudes of ~2 to 3 μM (shown as black line
time series in Fig. 10). For the period October 16 to 30,
we found that for 1999 and 2004 the differences between
Case 2 (red line) and Case 3 (blue line) were significant,
while for 2001, the differences in phytoplankton concentration among the tested cases were small until the end
of October. The latter was because the mixed-layer
depth in 2001 was shallower than in 1999 and 2004 during October due to the interannual variability in surface
forcing. The freshening events in 2001 did not significantly change the mixed layer until November, while in
1999 and 2004, the mixed-layer depths were generally
deeper than 20 m (Fig. 8b,f) during late October before
the freshening events occurred. For Case 4, the freshening started in early winter, stratified the water, and
greatly enhanced the phytoplankton. The model results
indicate that in general, the intermittent freshening
events increased the surface phytoplankton concentrations, especially when the mixed layer was deep enough
to bring additional new nutrients before the fresheninginduced events started re-stratification. Strong interannual variability can be generated depending on the combined effects of surface forcing and the timing and
intensity of freshening events.

DISCUSSION
Causes of fall blooms on different time scales
A summary of the box model and 1D model results is
given in Table 4. Using these models with surface forcing and idealized freshening events, we examined
3 major hypotheses: (1) the seasonal increase in vertical mixing leads to a gradual increase in phytoplankton biomass that persists throughout the fall; (2) hurricanes (or other strong wind events) lead to sudden
vertical fluxes of nutrients into surface waters, which
can trigger phytoplankton development, particularly
when it is followed by re-stratification; and (3) intermittent freshening events can cause great variability in
the timing and strength of the fall bloom.
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Fig. 10. Time sequences of modeled surface phytoplankton concentrations for freshening cases using the FVCOM-NP model for
(a) 1999, (b) 2001, and (c) 2004. The black, red, blue and green bold lines on top indicate the timing of freshening (Case 1: Sep 1
to Dec 10, Case 2: Sep 16 to 31, Case 3: Oct 16 to 30, and Case 4: Nov 16 to 31)

For the first hypothesis, the NP, NPZ, and NPZD box
models reproduced vertical nitrate fluxes from mixedlayer deepening and long-term fall blooms under a
wide range of biological parameters. This result indicates that the simple concentration-based model is sufficiently robust to resolve the basic mechanism of the
fall bloom. These models, however, failed to reproduce
the decrease in phytoplankton in winter when light
becomes limiting and the mixed layer continues to
deepen. The 1D model captures the pattern where surface concentrations of phytoplankton increase from
September to October and start to decrease at the end

of October, and thus these results are consistent with
our basic understanding of the fall bloom. That is, the
deepening of the mixed layer in fall brings nutrients to
the surface layer, where light is still sufficient for phytoplankton development.
For the second hypothesis, the NP, NPZ, and NPZD
box models reproduced the quick nitrate increase during the intense vertical mixing that resulted from the
hurricane. Since the nitrate flux was nearly proportional to the rate of mixed-layer deepening, the dramatic deepening of the mixed layer caused by this
wind-mixing event created a significant nitrate flux into

44

Mar Ecol Prog Ser 427: 29–49, 2011

Table 4. Summary of model results. N: nitrate, P: phytoplankton, Z: zooplankton, D: detritus, FVCOM: finite-volume community
ocean model. Both box model and 1D model show that the physical forcing accounts for the response of fall bloom through shortterm and long-term nutrient flux through changes in mixed-layer depth. For more specific details, the box model results show influences of the biological parameters such as phytoplankton mortality, zooplankton grazing rate, and remineralization rate. The
1D model, with more physical setting options, shows the impacts of physical factors such as wind stress versus heat flux, seasonal
light variation, different initial stratification conditions, and intermittent freshening events. T: water temperature; S: salinity
Box model
NPZ model

Type

N model

NP model

Results

Surface forcing can
cause interannual
variability of nutrient
influx on both shortterm and long-term
scales

Results are sensitive to
the initial nutrient
profile and the phytoplankton-loss term. For
1999, a rapid increase
of P appears after the
passage of a hurricane

Type

FVCOM-N

FVCOM-NPZD

Experiments

Different surface
forcing (heat flux solely
or heat flux plus wind
stress)

Including seasonal light
variation and all
biological compartments

Different initial
stratification conditions
(T/S)

Different freshening
periods

Results

Stochastic storms
contribute to the
variability during early
fall as shown in 1999,
while for late fall, all
cases show that the
heat flux is the dominant factor controlling
the mixed layer depth.
This variability of
surface forcing leads to
significant variability of
nutrient flux

Models successfully
simulate the timing of
fall bloom and the
decline of fall bloom
due to the light
limitation and deeper
mixed layer. The
magnitude of fall bloom
is consistent with the
observed values

Using different initial
stratification conditions
forced by the same
surface forcing, the
modeled surface
phytoplankton concentrations are similar in
patterns and slightly
change in the amplitudes

For intermittent
freshening events
(Cases 2–4), the results
show that the combined
effect of surface forcing
and the timing of
freshening can be
significant for the
interannual variability
of fall bloom

the surface layer, where the nitrate was subsequently
taken up by phytoplankton. During such wind events,
vertical stratification is broken down, and nitrate concentration increases in the surface mixed layer. The
rapid increase in phytoplankton followed the re-stratification of the upper water column ~2 to 5 d later. During
the hurricane, the rapid deepening of the mixed layer
immediately increased the nitrate concentrations at the
surface but did not immediately trigger a phytoplankton bloom. Instead, only after the stratification was reestablished did we see a phytoplankton response to the
elevated nutrient concentration. The re-stratification
usually occurs on a relatively short time scale.
For the third hypothesis, only the 1D model was
employed, because vertical mixing dynamics are not
explicitly included in the box model. The results indicate that the initial conditions of stratification and
intermittent freshening events exert different effects
on the fall bloom. It has been suggested that surfacewater freshening in the Scotian Shelf and GoM region
is related to the spring bloom dynamics (Ji et al.

The zooplankton
concentrations increase
as the growth rate of
zooplankton increases
until phytoplankton
mortality and zooplankton grazing inhibit the
fall bloom

1D model
FVCOM-NP

NPZD model
The remineralization
rate does not change
the general pattern of
the fall bloom

FVCOM-NP

2007). Also, freshening-induced stratification has been
argued to lead to greater phytoplankton production in
the fall, which might benefit the growth of smaller
copepods (Greene & Pershing 2007).
We found that stronger initial stratification did not
contribute to higher concentrations of phytoplankton.
Under weaker initial stratification conditions, although
more nutrients were brought up to the surface, a reduction in phytoplankton concentration was observed
as a result of the dilution effect. However, the Cases
1–4 run with intermittent freshening events indicate
that surface freshening, following a deep mixing with
enhanced surface nutrient supply from the depth, can
force a dynamic stratification process and promote
phytoplankton growth. Caution needs to be taken
when interpreting the intermittent freshening case,
though. In reality, the fresher water that replaces highnutrient and high-salinity surface water (due to strong
preceding mixing) might have different (usually lower)
nutrient concentrations, so its effect on phytoplankton
growth enhancement could be diminished. A better
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way to look at this case is, due to the enhanced freshening, the re-stratification after strong mixing occurs,
and mixing of high-nutrient water from mid-depths
with the low-nutrient surface water can still facilitate
stronger phytoplankton growth.

Factors affecting surface mixing:
heat flux versus surface wind
Among our hypotheses, seasonal variability in surface forcing is the dominant factor controlling the
dynamics of the fall phytoplankton bloom. Extreme
wind events such as a hurricane can only be significant
over a relatively short period of time, and it is the restratification process that triggers an early fall bloom.
However, such events do not significantly increase the
accumulated biomass throughout the fall. The accumulated biomass is more strongly impacted by the seasonally accumulated effects of surface forcing (mostly
by cooling during late fall).
We used the MY-2.5 turbulent closure scheme to
compute the mixed-layer depth. Considering the
uncertainties in these mixed-layer estimates, we repeated the numerical experiments using mixed-layer
depths generated by the Price-Weller-Pinkel (PWP)
model (Price et al. 1986), which calculates the mixedlayer depth based on static instability, mixed-layer
instability, and shear-flow instability. The results show
no significant changes in terms of bloom dynamics,
suggesting that the model results are not sensitive to
the differences of mixed-layer estimates between MY2.5 and PWP models. However, both box model and 1D
model results were sensitive to the initial nutrient concentrations, which only changed the magnitude of biological compartments, but had little effect on the general temporal variation.

Increasing complexity and bloom variability
Our approach in this study was to use models of
increasing complexity in terms of modeled biological
and physical processes. Findlay et al. (2006) used a
simple system of parametrically forced ordinary differential equations to model the fall bloom in an open
ocean ecosystem and reported that the rate of vertical
mixing was important. They found that neither rapid
nor gradual deepening of the mixed layer triggered a
fall bloom; instead, a phytoplankton response required
an intermediate mixing rate. However, the deepening
rate of the mixed layer was simplified as a constant
rate, and nutrient concentrations below the mixed
layer were kept constant in their study. It is unclear
how a system would respond if it had variable mixed-
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layer dynamics and nutrient concentrations. Compared to the Findlay et al. (2006) results, our model
results suggest that besides the rate of deepening of
the mixed layer, re-stratification dynamics after the
break down of the mixed layer (hurricane case) and
gradual deepening of the mixed layer can also trigger
the accumulation of phytoplankton in the euphotic
layer. The interannual variability can be largely explained by the surface forcing via controlling the
nitrate flux, and fall blooms in coastal regions are significantly affected by the intermittent disturbances of
wind mixing, cooling events and re-stratification.
According to Taylor & Mountain (2009), the interannual variability in surface salinity in the GoM can significantly affect the depth of vertical convective mixing
in the GoM. Mupparapu & Brown (2002) compared the
PWP model-simulated mixed-layer depths with measured mixed-layer depths and found that by excluding
the role of convection, the PWP model underestimates
the mixed-layer depth. At least 2 interesting questions
can be raised concerning convection. First, how does
vertical convection affect the fall bloom? Second, can
the interannual variability of convection impact the
spring bloom the following year by altering the surface
nutrient concentrations in spring?
Another important factor, which the 1D model
misses, is lateral advection. Lateral advection may
bring nutrient-poor or -rich water into the GoM or
affect the stratification with fresh or salty water, which
can greatly change the fall bloom. Our 1D model
analysis here consists of a process-oriented study. It
helped us to shed new light on the impact of surface
forcing on the fall bloom dynamics and interannual
variations. Based on what we have learned from the
box and 1D model experiments, a phytoplankton increase may be favored by the input of nutrient-rich
water through lateral advection, which is analogous to
an increased nutrient flux, or intermittent freshening
with re-stratification following strong mixing as the
low-salinity water encounters the high-salinity (highnutrient) water from the deeper mixed layer. However,
if the low-salinity water contains few nutrients, the situation will become more complicated by the combined
effects of re-stratification and nutrient limitation.
Based on our results, the near-surface phytoplankton
should increase with the entrainment of nutrients
whenever the mixed layer depth deepens due to wind
mixing and cooling. This result cannot be used to explain why there was no significant evidence of the fall
bloom in 2000 and 2004, even though significant wind
variability and cooling were observed. A further investigation on other physical and biological processes,
such as phytoplankton response to light changes,
nutrient recycling, and short-term variability of surface
forcing, is needed.
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CONCLUSIONS
The interannual variability of the fall bloom was
examined first using the SeaWiFS satellite chlorophyll
data in Wilkinson Basin in the western GoM. We found
3 general patterns in fall phytoplankton blooms: (1) a
response to short-term perturbations such as a hurricane event that rapidly deepens the mixed layer and
brings nutrients to the surface in early fall, or a freshening event that re-stratifies the mixed layer in later
fall; (2) a response to gradual variation of the mixed
layer such as the seasonally increasing wind mixing
and cooling that gradually deepens the mixed layer;
and (3) the absence of high chlorophyll concentrations
throughout the fall. Possible factors controlling the
interannual variability of fall blooms include surface
forcing (wind mixing and heat flux), freshening, biological processes, convective mixing, and advection.
Using both box models and 1D models, we reproduced the increase in phytoplankton biomass in the
fall when the surface mixed layer deepens, leading to
changes in the nitrate influx. The box model results
indicate that the intensity of phytoplankton is also sensitive to initial nutrient profiles and mortality of phytoplankton, but the dominant pattern is mostly caused by
the dynamics of the mixed layer. The 1D model results
reveal that the surface mixed-layer depth is controlled
by both cooling-induced and wind-induced mixing
during early fall, but particularly by cooling-induced
mixing in late fall. The re-stratification process following the passage of a hurricane and seasonal, gradual
deepening of the mixed layer can trigger phytoplankton development. The influence of freshening events is
more complicated and depends on the timing of freshening events and nutrient content in the mixed layer.
In general, the freshening events are important for the
increase of the phytoplankton concentration during
late fall when the mixed layer is deep enough to
entrain additional nutrients. Further studies with a
3-dimensional model are required to resolve other factors (such as vertical and horizontal advection) that can
potentially affect the fall bloom and were not resolved
in the present study.
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Appendix A. Non-dimensional box model equations
N model:

N 0 ’ − N ’ dh’
dN ’
=
dt ’
h’
dt ’

(A1)

NP model:
0

ƒ(I )dz N ’ P ’
−∫
N ’ − N ’ dh’
dN ’
z =− h
=
+ εP’ P ’ + 0
h’
dt ’
H
Ks ’ + N ’ h’
dt ’
dP ’
=
dt ’

∫

0

ƒ(I )dz

z =− h

H

N ’ P’
P ’ dh’
− εP ’P ’ −
Ks ’ + N ’ h’
h’ dt ’

(A2)

(A3)

εP
Ks
, εP ’ =
.
Vm
Nt

where Ks ’ =

NPZ model:
0

ƒ(I )dz N ’ P ’
−∫
N ’ − N ’ dh’
dN ’
(P ’)2
z =− h
=
Z ’ + εP ’P ’ + m’(Z ’)2 + 0
+ (1 − γ )g max ’
h’
dt ’
dt ’
H
Ks ’ + N ’ h’
(KP ’)2 + (P ’)2
dP ’
=
dt ’

∫

0

ƒ(I )dz

z =− h

H

N ’ P’
(P ’)2
P ’ dh’
− gmax ’
Z ’ − εP ’ P ’ −
Ks ’ + N ’ h’
(KP ’)2 + (P ’)2
h’ dt ’

dZ ’
Z ’ dh’
(P ’)2
= γgmax ’
Z ’ − m’(Z ’)2 −
dt ’
h’ dt ’
(KP ’)2 + (P ’)2

(A4)

(A5)

(A6)

gmax
Ks
εP
KP
m
N
, εP ’ =
, gmax ’ =
, KP ’ =
, m’ =
Vm
Vm
Nt
Nt
Vm t

where Ks ’ =

NPZD model:
0

ƒ(I )dz N ’ P ’
−∫
N ’ − N ’ dh’
dN ’
(P ’)2
z =− h
=
+ βgmax ’
Z ’ + εD ’D’ + 0
dt ’
H
Ks ’ + N ’ h’
(KP ’ )2 + (P ’)2
dt ’
h’
dP ’
=
dt ’

∫

0

ƒ(I )dz

z =− h

H

N ’ P’
(P ’)2
P ’ dh’
− gmax ’
Z ’ − εP ’ P ’ −
Ks ’ + N ’ h’
(KP ’ )2 + (P ’)2
h’ dt ’

dZ ’
(P ’)2
Z ’ dh’
= αgmax ’
Z ’ − m’(Z ’)2 −
dt ’
(KP ’ )2 + (P ’)2
h’ dt ’
dD ’
(P ’)2
D’ dh’
= (1 − α − β)gmax ’
Z ’ + εP ’ P ’ + λm’(Z ’)2 − εD ’ D’ −
dt ’
(KP ’ )2 + (P ’)2
h’ dt ’
where Ks ’ =

gmax
Ks
εP
KP
m
ε
N, ε ’ = D
, εP ’ =
, gmax ’ =
, KP ’ =
, m’ =
Vm
Vm
Vm
Nt
Nt
Vm t D

(A7)

(A8)

(A9)

(A10)
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Appendix B. 1D biological model
The biological equations are adapted from the NPZD
model described in Ji et al. (2008a). Symbols S1 to S5 are
used to represent different processes in controlling the
source and sink terms of the biological state variables. S1 is
the nutrient uptake by phytoplankton, S 2 the zooplankton
grazing on phytoplankton, S3 the phytoplankton mortality,
S4 the remineralization of detritus, and S 5 the zooplankton
mortality. These terms are defined as:

S1 = Vm

N
ˆ
[(1 − e− αˆ I )e− βI ]P
Ks + N

S 2 = gmax

(B1)

P2
Z
KP 2 + P 2

(B2)

S 3 = εP P

(B3)

S4 = εD D
S5 = mZ 2

(B4)
(B5)

where N, P, Z, and D represent nitrogen, phytoplankton,
zooplankton, and detritus concentrations, respectively.
For the FVCOM-N model, the change of nutrients over
time can be described as

dN
= 0
dt

(B6)

For the FVCOM-NPZD model, the change of biological
quantities over time can be described as:

∂N
= − S1 + β S 2 + S 4
∂t

(B7)

∂P
= S1 − S 2 − S 3
∂t

(B8)

∂Z
= αS 2 − S 5
∂t

(B9)

∂D
= (1 − α − β)S 2 + S 3 − S 4 + γS 5
∂t

(B10)

The intensity of photosynthetically active radiation (PAR)
at each depth is a function of the surface PAR and the light
attenuation profile (including self-shading) and is described
as

(

0

0

−z

−z

I ( z ) = I 0 exp −aw z − a p ∫ P d z − aD ∫ D d z

)

(B11)

where I (z) is PAR at depth z, I 0 is surface irradiance, and aw,
aP, and aD are the light attenuation coefficients for pure
water, phytoplankton, and detritus. For phytoplankton and
detritus, the sinking terms,

−wP

∂P
∂D
,
and −wD
∂z
∂z

were added into Eqs. (B8) and (B10), respectively, in the
studies.
For the FVCOM-NP model, the change of biological
quantities over time can be described as:

∂N
= − S1 + S 3
∂t

(B12)

∂P
= S1 − S 3
∂t

(B13)

Table B1. Parameters used in the FVCOM-NPZD model
Symbol

Definition

Value

Unit

Vm
Ks
εP
gmax
Kp
εZ
α
β
γ
εD
α̂
β̂
wp
wD

Maximum phytoplankton growth rate
Half saturation constant for phytoplankton uptake
Phytoplankton mortality
Maximum grazing rate of zooplankton on phytoplankton
Half saturation constant of zooplankton grazing on phytoplankton
Zooplankton mortality
Zooplankton assimilation coefficient
Zooplankton excretion coefficient
Recycle coefficient of zooplankton-loss term
Detritus remineralization rate
Light function coefficient
Photoinhibition coefficient
Sinking velocity of phytoplankton
Sinking velocity of detritus

2
1
0.1
0.3
0.3
0.2
0.3
0.3
0.7
0.1
0.025
0.001
1
5

d–1
μM N
d–1
d–1
μM N
d–1
Dimensionless
Dimensionless
Dimensionless
d–1
μM N s–1 W–1
μM N s–1 W–1
m d–1
m d–1

Table B2. Parameters used in the FVCOM-NP model
Symbol

Definition

Value

Unit

Vm
Ks
εP
α̂
β̂
wp

Maximum phytoplankton growth rate
Half saturation constant for phytoplankton uptake
Phytoplankton mortality
Light function coefficient
Photoinhibition coefficient
Sinking velocity of phytoplankton

2
1
0.1
0.025
0.001
1

d–1
μM N
d–1
μM N s–1 W–1
μM N s–1 W–1
m d–1
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